r Long-chain acyl-CoA synthetase 6 (ACSL6) mRNA is present in human and rat skeletal muscle, and is modulated by nutritional status: exercise and fasting decrease ACSL6 mRNA, whereas acute lipid ingestion increase its expression.
Introduction
Long-chain fatty acids are activated intracellularly by long-chain acyl-CoA synthetases (ACSL), in an ATP-dependent reaction providing acyl-CoA substrates for several metabolic pathways, including synthesis of phospholipids, diacylglycerol (DAG) and triacylglycerol (TAG), as well as protein acylation, mitochondrial β-oxidation and binding to transcription factors. The partitioning of acyl-CoA is dependent on the presence or absence of particular ACSL isoforms, their subcellular location and the tissue where they are present (Lewin et al. 2001; Coleman et al. 2002; Van Horn et al. 2005) .
In rats, ACSL isoforms (1, 3, 4, 5 or 6) have different levels of mRNA expression based on tissue location (Mashek et al. 2006) : (i) ACSL1 is highly expressed in adipose tissue, liver and heart; (ii) ACSL3 is more abundant in brain, skeletal muscle and the testis; (iii) ACSL4 is highly expressed in liver, brain and the adrenal gland; (iv) ACSL5 is expressed to a greater extent in liver, duodenal mucosa and brown adipose tissue; and (vi) ACSL6 is predominately expressed in brain and skeletal muscle. The function of each ACSL isoform can also differ among tissues. For example, ACSL1 provides acyl-CoA for TAG synthesis in liver (Li et al. 2009 ) but, in skeletal muscle (Li et al. 2015) and heart (Ellis et al. 2011) , these acyl-CoA products are partitioned toward mitochondrial β-oxidation.
Most of the information on how ACSL isoforms function in skeletal muscle comes from studies in rodents; comparatively, much less is understood in skeletal muscle from humans. In rats, Mashek et al. (2006) showed that 48 h of fasting upregulated mRNA levels of ACSL1 and ACSL4, and downregulated the expression of ACSL6, whereas refeeding promoted the opposite effect. By contrast, the expression of ACSL3 was not modulated by nutritional changes and the mRNA of ACSL5 was not detected. Recently, Li et al. (2015) showed that the knockout of ASCL1 in mouse skeletal muscle was associated with impaired fatty acid oxidation and concomitant greater dependence on glucose metabolism. However, the role of ACSL6 in skeletal muscle remains uncharacterized.
ACSL family members not only affect fatty acid metabolism, but also play an important role in the proliferation of normal and malignant tumour cells, and regulate cell apoptosis. Dysfunction of these enzymes can lead to many metabolic diseases, such as those related to metabolic syndrome, fatty liver and neurological disorders (Yan et al. 2015) . In humans, a defect in the activation of the fatty acids by ACSL in the muscle of black women may contribute to the maintenance of obesity (Privette et al. 2003) .
Because of the relative sparcity of information pertaining to ACSL6 vs. other ACSL isoforms, and the absence of a definitive, identified function of this isoform in skeletal muscle (notably in humans), the present study aimed to refine our understanding of the function of ACSL6 in lipid partitioning toward β-oxidation or TAG synthesis. Accordingly, we used gain-or loss-of-function strategies under in vivo and in vitro conditions in both mice and humans. Given that ACSL6 expression has been reported to be downregulated by fasting, our hypothesis was that ACSL6 drives acyl-CoA toward lipid synthesis. Both rats and humans were studied to advance the existing literature and to provide novel insights into the role(s) of ACSL6 in skeletal muscle, notably for the first time in humans. These findings demonstrate that ACSL6 drives acyl-CoA toward lipid synthesis and its downregulation improves mitochondrial biogenesis, respiratory capacity and lipid oxidation.
Methods

In vivo study design with humans and ethical permission
Ethical approval. Participants provided their written informed consent prior to experiments, all of which conformed with the Declaration of Helsinki and were approved by the Institutional Review Board of East Carolina University (UMCIRB 12-000448).
Subject recruitment. Eleven female subjects (six lean and five obese) were recruited for the present study. Subjects were prescreened by questionnaires and personal interviews for inclusion-exclusion criteria. Subjects were all premenopausal in the early follicular phase of their menstrual cycle (days 1-4) because of the known influences of circulating sex steroids on mitochondrial function (Kane et al. 2011) . Subjects were also sedentary (less than 30 min of physical activity per week for > 6 months), non-smokers and with no history of metabolic disease (no subjects were taking medications known to alter metabolism such as thyroid hormone replacement). Percentage body fat and fat free mass was determined by dual-energy X-ray absorptiometry (Lunar Progeny Advance; GE Healthcare Life Sciences, Little Chalfont, UK) and sedentary status was confirmed by a treadmillV O 2peak assessment and indirect calorimetry. Height and body weight were recorded and used to calculate the body mass index (kg m -2 ). Height and body weight were also recorded throughout the diet intervention to record possible differences in weight gain among subjects over the 7 day high-fat diet (HFD) intervention. Skeletal muscle biopsies were obtained from the lateral aspect of the vastus lateralis using a modification of the percutaneous needle biopsy technique as reported previously (Houmard et al. 1993) .
Acute and seven day high-fat meal intervention. The diet was composed of total energy as 60% fat with remaining portions of 20% carbohydrate and 20% protein. On day 1 of the study, subjects reported to the laboratory having fasted for 10 h and were biopsied pre-and 4 h post-consumption of a high-fat liquid meal [50% daily caloric requirements; ß70% caloric from fat at saturated: monunsaturated fatty acids: polyunsaturated fatty acids 48:37:15 provided by a mixture of Pulmocare R (Abbot Laboratories, Lake Bluff, IL, USA) and heavy cream] to allow sufficient time for lipid absorption. Following the consumption of the liquid meal and second biopsy, subjects were provided solid food by the study staff based on food preferences containing 60% total fat of the daily energy intake; 40 kcal kg −1 body weight. The structured solid food diet was designed to reproduce the typical Western diet with a lipid composition of 48% saturated fatty acids, 15% polyunsaturated fatty acids and 37% monunsaturated fatty acids. Established electronic protocols were used to track subject measurement and food item selection, which were monitored as macronutrient content, percentages and total energy on a daily basis for the entire study. Accordingly, subjects were trained by our study team dietician to select and measure food selections and to submit a daily electronic spreadsheet (Excel, Microsoft Corp., Redmond, WA, USA) that acted as a food calculator for the variables of interest. Daily inspection and consultation were used to provide adjustments to the subject's diet to ensure target food consumption as percentage macronutrient and total energy intake. In addition to daily contact with the subjects via email, we conducted face-to-face meetings to review dietary compliance, adjustments in food choices and replenishments of food items. On day 7, subjects were biopsied pre-and post-liquid meal as above. All diets were analysed using Nutrition Pro Software R (Axxya Systems LLC, Stafford, TX, USA) throughout and after completion of the study.
Human subject dietary compliance. The diet intervention was well tolerated by the subjects and compliance was 100.9 % ± 5.6 of target total calories, and the target of 60% of total daily calories as fat was 59% ± 1.3 (mean ± SEM).
Isolation and culture of human skeletal muscle cells
Satellite cells were isolated from 50-80 mg of fresh muscle tissues from human vastus lateralis and cultured into myoblasts as described previously (Houmard et al., 1993) . Briefly, tissues from biopies were transferred to ice-cold Dulbecco's modified Eagle's medium (DMEM) and all the fat and connective tissues were removed by sterilized blades and enzymatic digestion before culture into myoblasts. Myoblasts were subcultured into collegan-coated T75culture flasks in growth media containing DMEM supplemented with 10% fetal bovine serum, SkGM SingleQuot Kit (Lonza, Walkersville, MD, USA) (5 ml of BSA, 5 ml of fetuin, 0.5 ml of human epidermal growth factor, 0.5 ml of dexamethasome) and 100 U ml
Pen-Strep. Upon reaching ß80% confluence, cells were trypsinized for subsequent transfection experiments using an Amaxa R (Lonza) electroporation technique described below.
ACSL6/green fluosrescent protein (GFP) and empty vector transfection in human skeletal muscle cells
The cells (10 6 cells per reaction) were resuspended in 100 μl of Nucleofector solution (Lonza) at room temperature combined with 4 μg of ACSL6 plasmid DNA (DNASU), whereas control cells were transfected with an empty vector plasmid DNA. The cells and plasmid DNA suspension were transfected using Amaxa Nucleofector Technology (Lonza) in accordance with the manufacturer's instructions. After transfection, the myoblasts were transferred to pre-equilibrated growth media plates at 37°C in a humidified 5% CO 2 and 95% ambient air incubator for 48 h to reach 80% confluence. Growth media was switched to differentiation media containing 2% horse-serum, 0.5 mg ml −1 BSA, 0.5 mg ml −1 fetuin and 100 U ml −1 Pen-Strep for the differentiation of myoblasts into myotubes. Transfection efficiency by GFP and cell viability were measured by inverted fluorescence microscopy (Olympus America Inc., Melville, NY, USA). On day 5 of differentiation, primary human myotubes were exposed to a 1:1 125 μM palmitate:125 μM oleate and then harvested on day 7 of differentiation for all cellular experiments.
In vivo study design with Wistar rats
The procedures involving rats were approved by the Institutional Ethical Commit for use of laboratory animals from the University of São Paulo -Campus of Ribeirão J Physiol 595.3 Preto (Approval No. 092/2010) . Male rats weighing 100 g were submitted to one of the conditions: (i) 48 h of fasting; (ii) 48 h of fasting followed by acute oral lipid ingestion of 80% saturated fat (warm butter) and 10% glucose (0.2 ml kg −1 body weight) by gavage (the animals were sequentially killed at 2, 4, 12 and 24 h after ingestion); (iii) an ad libitum diet containing 60% fat for 6 weeks; or (iv) aerobic exercise training: running at 60% of the maximum velocity capacity (determined previously by an aerobic maximum capacity test), 1 h a day, 5 days a week, for 6 weeks.
Isolation and culture of rat skeletal muscle cells
After sodium pentobarbital anaesthesia (40 mg kg −1 ), male Wistar rats weighing 50-60 g were killed by CO 2 inhalation. Satellite cells from soleus, gastrocnemius and quadriceps muscles were quickly isolated in Dulbecco's phosphate buffered saline medium containing 1% glucose and 1% penicillin. The muscle tissue was minced and digested in DMEM containing 1.5% collagenase II, 2.5% trypsin, 0.1% DNAse and 1% penicillin at 37°C for 30 min. The trypsin was neutralized with 15 ml of prime growth medium containing 10% horse serum, 10% fetal bovine serum, 2 mM L-glutamine and 1% penicillin. The medium was centrifuged (200 g) at 4°C for 20 min and the supernatant discarded. The cells were placed in plates covered with 0.1% matrigel and cultured for 4 days.
Small interfering RNA (siRNA) transfection in rat skeletal muscle cells
The cells were transfected with specific siRNA oligo for ACSL6 (SASI Rn01 00079210) or scrambled siRNA, obtained from Sigma-Aldrich (St Louis, MO, USA). The cell media was changed to antibiotic-free growth media containing the specific siRNA oligonucleotides (20 nM well -1 ) and 0.5 μl ml −1 lipofectamine 2000 (Life Technologies, Grand Island, NY, USA) and maintained at 37°C with 5% CO 2 for 24 h to reach 80% confluence. Next, cell differentiation of myoblasts into myotubes was induced by 10% horse-serum (Lynge et al. 2001; Teodoro et al. 2014 ) for 24 h. On day 1 of differentiation, the cells were then washed with PBS and incubated with DMEM containing 10% horse-serum and 50 μM BSA-conjugated palmitate. On day 2 of differentiation, cells were trypsinized, collected, washed with PBS and suspended in the appropriate assay buffer for analyses. The mRNA content of ACSL6 after transfection was determined by a real-time quantitative RT-PCR (qRT-PCR) analysis.
Cell death assay in rat skeletal muscle cells
The cells (25 × 10 4 ) were suspended in binding buffer propidium iodide in accordance with the manufacturer's instructions (Dead Cell Apoptosis Kit; Invitrogen/Molecular Probes, Carlsbad, CA, USA). Data were acquired in a flow cytometer (Guava EasyCyte 8HP; Millipore, Hayward, CA, USA) and analysed using the accompanying software (GuavaSoft, version 2.7). Propidium iodide stains necrotic cells and cells in the later stages of apoptosis (Martin et al. 1995; Castedo et al. 2002) .
Oxygen consumption monitoring in rat skeletal muscle cells
Cells were counted in a Neubauer chamber, using trypan blue to stain dead cells. The cells (10 6 , 88% viability) were suspended in 2.1 ml of Krebs-Henseleit medium containing 5.6 mM glucose (pH 7.3) at 37°C and assessed for respiratory capacity using the High Resolution Oxygraph-2k system (Oroboros, Innsbruck, Austria) equipped with DataLab, version 5.0 (SDL, Pressbaum, Austria) for monitoring oxygen consumption. Oligomycin (2 μg ml −1 ) and carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (2 μM) were used for oxidative phosphorylation inhibition and uncoupling, respectively. The integrity of cell membrane (cell viability) during the monitoring was 85.6 ± 3.8 %, as assessed by the test of stimulatory effect of succinate plus ADP according to Pesta and Gnaiger (2012) . 
Citrate synthase activity in rat skeletal muscle cells
Cells (5 × 10 6 cells ml -1 ) were frozen under liquid nitrogen and thawed twice to disrupt the mitochondria and release the citrate synthase (Siu et al. 2003) . The homogenate was centrifuged at 12 000 × g at 4°C for 10 min and the supernatant containing the proteins was collected (Bharadwaj et al. 2015) . The protein concentration was determined by Bradford assay, in a final volume of 200 μl (catalogue number 500-0006; Bio-Rad, Hercules, CA, USA). The reaction mixture contained triethanolamine-HCl buffer 0.1 M (pH 8.0), 0.3 mM acetyl-CoA, 0.5 mM oxaloacetate, 0.25% Triton X-100 and 0.1 mM 5,5 -dithiobis-2-nitrobenzoic acid. The reaction was started by the addition of 10 μg of protein. Citrate synthase activity was determined spectrophotometrically according to the method of Srere (1969) .
qRT-PCR mRNA analysis
Human and rat cells (5 × 10 5 ) or tissues (ß20 mg) were homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) for RNA isolation. For real-time qRT-PCR analysis, RNA was reverse transcribed with IMPROM II Reverse Transcriptase (Promega, Madison, WI, USA) and used in quantitative PCR reactions containing EVA-green fluorescent dye (Bio-Rad) for rat genes and TaqMan fluorescent dye (Applied Biosystems, Foster City, CA, USA) for human genes. Relative expression of mRNAs was determined after normalization by β-actin or RPL39 for rats and 18 s for human using the 2 − Ct method (Livak and Schmittgen, 2001) . Quantitative PCR was performed using an Eppendorf Realplex4 Mastercycler Instrument (Eppendorf, Hamburg, Germany) for rat samples and an ABI ViiA 7 PCR System (Thermo Fisher Scientific, Waltham, MA, USA) for human samples. Rat primers used for RT-PCR were obtained from Sigma: PGC1α (Fw, 5 -CAAGCCAAACCAACAACTTTATCTCT-3 ; Rw, 5 -CACACTTAAGGTTCGCTCAATAGT-3 ), β-actin (Fw, 5 -CACTTTCTACAATGAGCTGCG-3 ; Rw, 5 -CTGGAT GGCTACGTACATGG-3 ), RPL39 (Fw, 5 -CAAAATCGT CCTATTCCTCAATGG-3 ; Rw, 5 -CAGTAGAAATCC TCAGTCTGGC-3 ), UCP3 (Fw, 5 -ATGAGTTTTGCCT CCATTCG-3 ; Rw, 5 -GGCGTATCATGGCTTGAAAT-3 ), UCP2 (Fw, 5 -ATGTGGTAAAGGTCCGCTTC-3 ; Rw, 5 -CATTTCGGGCAACATTGGG-3 ), ACSL6 (Fw, 5 -CAGT AGAAATCCTCAGTCTGGC-3 ; Rw, 5 -GGCTCACTTCG GATGTAGATG-3 ), DGAT1 (Fw, 5 -GACAGCGGTTTC AGCAATTAC-3 ; Rw, 5 -GGGTCCTTCAGAAACAGAG AC-3 ), DGAT2 (Fw, 5 -ACAGTGGGTCCTATCCTTCC -3 ; Rw, 5 -ATCTCCTGCCACCTTTCTTG-3 ), ACSL1 (Fw, 5 -GAAAGCCAAACCAGCCATATG-3 ; Rw, 5 -GA AAAGATGCCGATGAACTGC-3 ), ACSL3 (Fw, 5 -AT GAAAACGGACAGAGGTGG-3 ; Rw, 5 -TGCCTCAA CTTTGCCTAGAG-3 ).
Lipid droplet (LD) analyses in rat and human cells
The cells (25 × 10 4 ) were fixed with paraformaldehyde 4% for 15 min at 37°C at 5% CO 2 . Under these conditions, the cells were permeabilized with PBS plus 0.1% Triton for 5 min and then incubated with 10 μg ml −1 BodiPy (Molecular Probes) for 30 min. The cells were then washed with PBS and read. Images were acquired in a CTR 6000 fluorescence microscope (Leica Microsystems, Wetzlar, Germany) using a 40× long objective, at 493/503 nm, and then they were quantitatively analysed using Image J (NIH, Bethesda, MD, USA).
Lipid extraction and analyses in rat and human cells
Cells (5 × 10 6 ) were homogenized in 2.25 mL of H 2 O in ice, and then 2.5 ml of hexane and 1.45 ml of methanol were quickly added for lipid extraction. The lipid extracts were analysed by easy ambient sonic-spray ionization mass spectrometry (MS) in both the negative and positive ion modes (Alberici et al. 2011 ) using a single-quadrupole mass spectrometer (Shimadzu Corporation, Kyoto, Japan) equipped with a homemade easy ambient sonic-spray ionization source (Haddad et al. 2006; Haddad et al. 2008) . As shown in Fig. 3C , the relative changes in some of the ion peaks were evaluated by plotting the ratio of the absolute abundance of the ion to that of the ion of m/z 550. This was also adopted in Fig. 3D , where 227 was the reference ion peak. For Fig. 6C , trilinolein (m/z 901
+ ) at a final concentration of 1 mM was added to the samples and used as internal standard (Fernandes et al. 2012) . Identification of lipid structures was performed by comparing our data with that of previous studies (Brugger et al. 1997; Magnusson et al. 2008; Goto-Inoue et al. 2012) .
Fatty acid oxidation determination in rat and human cells
Experiments utilizing [1- 14 C]palmitate (Perkin Elmer, Boston, MA, USA) were performed to measure fatty acid oxidation in the primary human skeletal myotubes from the ACSL6 overexpression or control (empty vector) groups according to modified methods reported by Cortright et al. (2006) . In brief, differentiated human skeletal muscle cells were incubated in sealed reaction plates at 37°C in a humidified 5% CO 2 and 95% ambient air incubator for 3 h in differentiation media containing 100 μM palmitate, 12.5 mM Hepes, 0.25% BSA, 1 mM carnitine and 10 μCi ml -1 [1-14C ] palmitate (Sigma). Following the incubation period, the reactions were terminated by the addition of 50 μl of 70% perchloric acid to the incubation wells. The incubation plate was transferred to an orbital shaker and 14 CO 2 was trapped in the adjoining well in 200 μl of 1 M NaOH for 1 h. Radioactivity as 14 CO 2 (complete palmitate oxidation) was determined by liquid scintillation counting using 4 ml of Uniscint BD (National Diagnostics, Atlanta, GA, USA). The remaining cell pellets from the oxidation studies were washed twice with ice-cold PBS, harvested in 200 μl 0.05% SDS, and cell lysates were stored at −80°C for subsequent protein determination and cellular lipid extraction. The rate of fatty acid oxidation was expressed as pmol μg -1 protein h -1 .
Western blotting analysis in rat and human cells
Aliquots of cell lysate (10-30 μg of protein) were separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane. Briefly, after blocking with non-fatty milk (10%), the membrane was incubated overnight at 4°C with appropriate dilutions of primary antibodies, including 
Statistical analysis
Data are expressed as the mean ± SEM. For culture experiments, n indicates the number of different cultures obtained from different subjects. Each condition in cell culture was performed in triplicate. Statistical analysis was performed using a paired Student's t test for two-mean comparison (e.g. human and rat cell incubations for treatment and control derived from the same subjects) or one-way ANOVA for multiple comparisons using Prism, version 5.01 (GraphPad, San Diego, CA, USA). P < 0.05 was considered statistically significant as established a priori.
Results
ACSL6 mRNA expression under different metabolic conditions in skeletal muscle of rats and humans
Rats. Verification of ACSL6 mRNA expression in skeletal muscle from rats was evaluated after metabolic interventions: (i) fed to fast states; (ii) aerobic exercise; and (iii) acute and chronic ingestion of a HFD. Figure 1A depicts a 40% decrease in ACSL6 mRNA following the 48 h fast. This was accompanied by a decreased expression of steroyl response element binding protein 1c (SREBP-1c) (Fig. 1A) , a key transcription factor that regulates cellular lipogenesis in liver, skeletal muscle and adipose tissue (Bizeau et al. 2003) , and DGAT1 (Fig. 1A) , an enzyme that catalyses the conversion of DAG and acyl-CoA into TAG (Cases et al. 1998) . After aerobic training (6 weeks, 5 days per week, once a day, 60 min at 70% of maximal aerobic capacity), ACSL6 mRNA was reduced 35% (Fig. 1B) . Four and 12 h after acute ingestion of a high-fat meal (80% saturated fat, 10 ml kg −1 ), ACSL6 mRNA was significantly higher than before ingestion (0 h, 48 h fasted) (Fig. 1C) . This was accompanied by elevated transcription levels of SREBP-1c (Fig. 1D) and DGAT1 (Fig. 1E) . As a regulator for the transcription of several genes of lipid synthesis (Eberlé et al. 2004) , SREBP-1c mRNA was found to be highly expressed 2 h before the increments in ACSL6 and DGAT1 expressions. After 24 h, the transcription levels of these genes were reduced, returning to the levels found during the fasting state. Surprisingly, after a chronic HFD (60% lipids, for 6 weeks), ACSL6 mRNA expression was reduced by ß40% (Fig. 1F) , suggesting that this downregulation represents a defence mechanism against over accumulation of lipids in the skeletal muscle.
Humans. In fasting humans, we found that obese subjects have lower levels of ACSL6 mRNA compared to lean subjects (Fig. 1G) . Four hours after the high-fat meal (70% total energy as fat), ACSL6 mRNA expression was increased 2.5 times over fasting levels in the skeletal muscle of both lean and obese. Unlike in rats, a chronic HFD(60% fat, 7 days) did not alter the transcription levels of ACSL6 mRNA in lean subjects (Fig. 1H) . As one explanation, these differential responses may be a result of differences in the period of HFD ingestion (1 week for humans and 4 weeks for rats). Regardless, these results suggest that ACSL6 is an important gene that is positively modulated during conditions associated with lipid synthesis in skeletal muscle of rats and humans. Given tissue mass restrictions from human participants, this was not possible.
Effects of knockdown of ACSL6 in primary cells of rat skeletal muscle
Next, we confirmed the effects of decreased expression of ACSL6 in a culture of primary skeletal muscle cells. At 20 nM, ACSL6-specific siRNA oligo transfection of cells decreased 75% the transcription levels of ACSL6; otherwise, 40 and 80 nM decreased the transcription by ß50% and 40%, respectively ( Fig. 2A) . These results probably represent RISC complex saturation. Thus, the remainder of experiments utilized ACSL6 siRNA at a concentration of 20 nM. It should be noted that this decrease of ACSL6 mRNA did not alter cell viability (late apoptosis/necrosis) compared to control (scrambled siRNA transfection) but was markedly reduced compared to dimethyl sulphoxide (positive control of cell death) conditions ( Fig. 2B and C) .
The knockdown of ACSL6 also reduced the accumulation of lipophilic dye BODIPY, a specific probe for high non-polar lipids (mainly TAG), as fluorescent particles in the cytoplasm of cells (Fig. 3A) , indicating reductions in LD density (Fig. 3B) . Rat muscle ACSL6, SREBP-1c and DGAT1 mRNA expression after 48 h of fasting (A) (n = 5); ACSL6 mRNA expression after 6 weeks of aerobic exercise (B) (n = 6); ACSL6 (C), SREBP-1c (D) and DGAT1 (E) mRNA expression in a time course after acute lipid ingestion (n = 5); and ACSL6 mRNA expression after 6 weeks of a HFD (F) (n = 6). Lean and obese human muscle ACSL6 mRNA 4 h after acute ingestion of a high-fat meal (G) and lean human ACSL6 mRNA 7 days after ingestion of a HFD (H) (n = 6 for lean and n = 5 for obese). * p < 0.05; * * p < 0.01. (Fig. 3C) . By contrast, we found increased abundances of [FA-H] − ions of m/z 255 (C16:0) and 283 (C18:0) (Fig. 3D) . Concomitantly, we also observed a decrease in DGAT1 and SREBP-1c mRNA (Fig. 3E) . These results corroborate findings found in vivo in rats and humans, indicating that ACSL6 is involved in lipid biosynthesis in skeletal muscle that exists across mammalian species.
Effects of knockdown of ACSL6 on mitochondrial metabolism in primary cells of rat skeletal muscle
Using high resolution respirometry, we determined whether decreased ACSL6 gene expression promotes changes in cellular respiration in non-permeabilized cells (Fig. 4A and B) . The knockdown of ACSL6 increased mitochondrial respiration rates by 25% in the ROUTINE state (State R), in which exogenous substrates in culture media supports respiration, whose rate depends on cellular ATP demand; 28% in non-phosphorylating or LEAK state (State L, with oligomycin), in which oxidative phosphorylation is inhibited and O 2 consumption reflects intrinsic uncoupling such as that caused by proton leak; and 50% in NONCOUPLED respiratory state (State E), in which the protonophore CCCP collapses the electrochemical H + potential across the inner mitochondrial membrane, and hence stimulates maximum electron transfer and respiration. Collectively, these results suggest an elevation mitochondrial respiratory capacity (content) or electron chain function (or both). In conjunction with these findings, we observed enhanced phosphorylation of AMPK, as indicated by an increased p-AMPK/AMPK ratio (demonstrating the activation of this promoter of mitochondrial biogenesis) (Fig. 4C and D) , an elevated mRNA expression of peroxisome proliferator-activated receptor-γ coactivator 1 α (PGC-1α) (a master regulator of mitochondrial biogenesis) (Fig. 4E ) and higher citrate synthese activity (an indicator of mitochondrial content) (Fig. 4F) .
Moreover, the gene expression of uncoupling proteins (UCP3 and UCP2) was also upregulated in ACSL6 knockdown cells (Fig. 4E) . These proteins promote increments in mitochondrial respiration and substrate utilization, and decrease the release of reactive oxygen species (Mailloux and Harper, 2011) . Concomitant with these findings, we observed a decreased in H 2 O 2 release following ACSL6 knockdown ( Fig. 4G and H) . Although we did not find differences in the expression of 3-hydroxyacyl-CoA dehydrogenase (HAD), an enzyme of β-oxidation of fatty acids, we observed higher radioactive-labelled palmitate oxidation (15%) in cells after ACSL6 knockdown (Fig. 4I) .
Effects of ACSL6 overexpression in primary cells of human skeletal muscle
Because the in vivo acute lipid ingestion increased ACSL6 mRNA expression in human skeletal tissue (Fig. 1G), we next investigated the effects of ACSL6 overexpression in cultured human skeletal muscle cells. Primary myotubes were efficiently transfected (40%), as confirmed by fluorescence of GFP. Because the cells were transfected when they were in the myoblast stage, we confirmed transfection efficiency through the differentiation process in the myotubes (Fig. 5A) . The transfected cells presented 600x greater ACSL6 mRNA (Fig. 5B) . Under these conditions, we observed similar TAG content, as analysed by Bodipy fluorescence (Fig. 6A and B) and MS ( Fig. 6C  and D) , which can be related to similar DGAT1 protein expression (Fig. 6E) . Furthermore, ACSL6 overexpression increased ion abundance by 60% for sphingomyelin and (10 6 ), oligomycin (oligo, 1 μg ml -1 ) and CCCP (2 μM) were added to the medium (n = 12). Immunoblotting (C) and blot densitometry (D) of p-AMPK and AMPK (n = 4), mRNA expression of PGC1α, UCP2, UCP3, ACSL1, ACSL3 and HAD (E) (n = 6), citrate synthase activity (F) (n = 4), time-scan (G) and rates (H) of H 2 O 2 production (n = 6) and radiolabelled c14 palmitate oxidation (I) (n = 4) in scramble and siRNA ACSL6 transfected cells. * P < 0.05; * * P < 0.01.
89% for phosphatidylcholine (Fig. 6C and D) , as well as reduced palmitate radio-labelled oxidation (Fig. 6F) and PGC-1α mRNA expression (Fig. 6G) . These results indicate that ACSL6 overexpression in skeletal muscle cells from humans decreases cellular oxidative capacity. Given the reduction in PGC-1α, these findings further suggest a reduction in mitochondrial content, in contrast to the opposing effects observed following ACSL6 knockdown in skeletal muscle cells from rats. Moreover, ACSL6 overexpression was more effective in elevating the synthesis of phospholipids vs. TAG.
Discussion
In humans, the function of ACSL isoforms has been analysed in immortalized cancer cells (Parkes et al. 2006; Cao et al. 2010; Wu et al. 2011) , tumor biopsies from prostate cancer (Fujimura et al. 2014 ) and the gut (Heimerl et al. 2006) , where an upregulation of ACSL3 and ACSL1/ACSL4 gene expression was observed, respectively. To the best of our knowledge, there is only one study describing reduced ACSL5 mRNA expression in skeletal muscle of obese women resistant to weight loss by diet (Adamo et al. 2007) and no studies exist that address the function of ACSLs in human skeletal muscle. Accordingly, the present study describes for the first time that ACSL6 gene expression is present in human skeletal muscle and is modulated in vivo by diet, as demonstrated by the time-course for ACSL6 upregulated expression induced by an acute high-fat meal. Given the observation of an impaired β-oxidative system in ACSL6-overexpressed transfected primary myotubes, the present results further indicate that the enzyme channels acyl-CoA substrate toward lipid synthesis in human skeletal muscle. Increments in TAG content following ACSL6 overexpression was not observed, although increased phosphatidylcholine species was noted. Both lipids share the same synthetic metabolic pathway, where DAG is the last common intermediate (Bosma et al. 2012; Bosma et al. 2016) . Because DGAT mRNA expression was not changed under ACSL6 overexpression, we speculate that DAG is following the pathway of phosphatidylcholine synthesis. This suggests the involvement of ACSL6 also in phospholipid synthesis in skeletal muscle. These findings are supported by studies in rat brain, where it was observed to be involved in the incorporation of unsaturated fatty acids into phospholipids (Soupene et al. 2010; Chen et al. 2011) . ACSL6 function was previously only described in neuronal cells (PC12) (Marszalek et al. 2005) and in the brain from rats (Soupene et al. 2010; Chen et al. 2011) . Consequently, we extend these initial findings using our rat model, where we further characterize the function of ACSL6 in skeletal muscle. In the present study, we note, under fasting and aerobic exercise conditions, a downregulation ACSL6 mRNA. By contrast, we also demonstrate that acute lipid ingestion promotes the upregulation of the enzyme's mRNA expression. These findings compliment previous studies employing a model of acute exercise (Li et al. 2015) and fasting-refeeding in rats (Maschek et al. 2006 ). The present study in isolated skeletal muscle cells also demonstrated that ACSL6 knockdown promotes a decrease in DAG, TAG and LD contents, which was accompanied by increments in fatty acid oxidation. For comparison of ACSL6 with other isoforms, studies with knockout of ASCL1 in mouse skeletal muscle demonstrated impaired fatty acid oxidation (Li et al. 2015) . Similarly, our results were not related to increments in ACSL1 expression, which has been considered to partition acyl-CoA into β-oxidation in skeletal muscle (Li et al. 2006) . By contrast, we observed a downregulation of this enzyme following ACSL6 knockdown. Collectively, our results indicate that, in the rat, ACSL6 functions to partition ACSL products toward lipid synthesis and storage. Similar knockdown studies were performed by others in primary rat hepatocytes to describe the role of ACSL3 in mediating transcriptional control of lipogenesis (Bu et al. 2009) . Surprisingly, rats consuming a chronic HFD and obese humans exhibited reduced ACSL6 mRNA levels in skeletal muscle. It has been noted that ACSL6 is regulated by insulin because this enzyme is upregulated by insulin in rat cardiomyocytes and downregulated in hearts of streptozotocin-diabetic rats (Durgan et al. 2006) . In the present study, we employed obese rats and humans. Thus it can be conjectured that biological circumstances that promote reduced insulin sensitivity would be associated with lower levels of ACSL6 in skeletal muscle. We did not test this possibility in skeletal muscle directly; therefore, future studies are needed to support or refute the relationship between insulin sensitivity and ACSL 6 expression and function in skeletal muscle.
In the present study, genetic inhibition of ACSL6 was associated with a stimulated cellular respiration and mitochondrial biogenesis in rat skeletal muscle cells. We attribute these effects to the elevations in C:16 and C:18 free fatty acid contents found. These molecules can acts as ligands to peroxisome proliferator-activated receptor-α, a nuclear receptor that positively regulates expression of uncoupling proteins (Grav et al. 2003) . In our experimental model, we found higher levels of UCP2 and UCP3 mRNA under ACSL6 knockdown conditions in rat cells. Uncoupling proteins can compromise the efficiency of ATP production, increasing AMP/ATP or ADP/ATP ratios, which would serve to lower cellular energy charge. This alteration in the cellular bioenergetic state would lead to activation of AMPK (Hardie, 2014) as we demonstrated in the present study by elevations in the p-AMPK/AMPK. Activated-AMPK would serve to positively increase the gene expression of the PGC-1α (Lee et al. 2006 ), a transcriptional co-activator and master regulator of several genes of the electron transport chain, mitochondrial biogenesis, and fatty acid β-oxidation (Wu et al. 1999) . The regulation of β-oxidation also occurs via docking and coactivation of PGC-1α on peroxisome proliferator-activated receptor-α (Vega et al. 2000) . In support, we observed an increase in PGC-1α mRNA expression and higher rates of oxygen consumption determined by elevations in overall mitochondrial respiratory states (basal, leak and uncoupled respirations), which were associated with elevated rates of β-oxidation. Thus, the findings of the present study extend the few previous studies that have investigated the relationship between ACSL expression and mitochondrial bioenergetics/biogenesis, as previously described in hearts of mice lacking global ACSL1 expression (ACSL T-/-) (Ellis et al. 2011) . Given the paucity of information on the effect of ACSL6 on mitochondrial oxidative and respiratory function, further studies are warranted to understand the biological significance of ACSLs expression on cellular bioenergetics in skeletal muscle.
Consequently, we initiated these future studies and noted in ACSL6 knockdown cells, a reduction in H 2 O 2 production. This observation is supported by previous reports that demonstrate a reduction in H 2 O 2 production which was found to be associated with increased uncoupling protein content (Mailloux and Harper, 2011) . These proteins promote a diminution in the mitochondrial membrane potential, decreasing the life-span of exposure to oxygen upstream of complex IV in the respiratory chain, and thereby reducing superoxide formation (Boveris et al. 1972; St-Pierre et al. 2002) . Superoxide anion is subsequently converted to H 2 O 2 by the metal-dependent enzyme superoxide dismutase. Although these species work as signalling molecules, under pathological conditions, they cause oxidative damage (Figueira et al. 2013) . Therefore, elevated uncoupling protein expression induced by ACSL6 knockdown could protect the cell against oxidative damage by attenuating a rise in the electron transport chain proton motive force ( ) shown to result in elevations of H 2 O 2 in the obese, high-fat fed and insulin resistant condition (Anderson et al. 2009 ).
In conclusion, we report for the first time a role for ACSL6 in skeletal muscle lipid metabolism. Unlike ACSL1 and ACSL4 that are associated with partitioning lipids toward mitochondrial uptake and β-oxidation, ACSL6 appears to drive acyl-CoA toward lipid synthesis, avoiding its oxidation in mitochondria. Moreover, ACSL6 is also involved in the modulation of cellular respiration, H 2 O 2 production, lipid oxidation and mitochondrial biogenesis, which appears to involve the activation of an AMPK/PGC1-α pathway (Fig. 7) . Under physiological conditions (A), ACSL1 drives acyl-CoA to fatty acid oxidation (Li et al. 2015) . We propose that ACSL6 drives acyl-CoA toward lipid synthesis because physical exercise or fasting decreased mRNA ACSL6, whereas feeding increased its expression. Under ACSL6 knockdown (B), an increased content of free fatty acid could induce UCP expression. UCP activity could reduce ATP/ADP, resulting in the increased AMPK activation, which in turn increases mitochondrial biogenesis and fatty acid oxidation through PGC1α. Under ACSL6 overexpression (C), ACSL6 drives acyl-CoA away from mitochondria, increasing phospholipid synthesis and decreasing PGC1α expression and fatty acid oxidation. Black arrows indicating an increase (↑) or decrease (↓) evaluated in the present study, whereas grey arrows indicate the proposed mechanisms. [Colour figure can be viewed at wileyonlinelibrary.com]
